Abstract. This study reports dimethyl sulfide (DMS) sea-to-air fluxes derived from a mass-balance/photochemical-modeling approach. The region investigated was the western North Pacific covering the latitude range of 0ø-30øN. Two NASA airborne databases were used in this study: PEM-West A in September-October 1991 and PEM-West B in February-March 1994. A total of 35 boundary layer (BL) sampling runs were recorded between the two programs. However, after filtering these data for pollution impacts and DMS lifetime considerations, this total was reduced to 13. Input for each analysis consisted of atmospheric DMS measurements, the equivalent mixing depth (EMD) for DMS, and model estimated values for OH and NO3. The evaluation of the EMD took into account both DMS within the BL as well as that transported into the overlying atmospheric buffer layer (BuL). DMS fluxes ranged from 0.6 to 3.0/•mol m -2 d -• for PEM-West A (10 sample runs) and 1.4 to 1.9/•mol m -2 d '• for PEM-West B (3 sample runs). Sensitivity analyses showed that the photochemically evaluated DMS flux was most influenced by the DMS vertical profile and the diel profile for OH. A propagation of error analysis revealed that the uncertainty associated with individual flux determinations ranged from a factor of 1.3 to 1.5. Also assessed were potential systematic errors. The first of these relates to our noninclusion of large-scale mean vertical motion as it might appear in the form of atmospheric subsidence or as a convergence. Our estimates here would place this error in the range of 0 to 30%. By far the largest systematic error is that associated with stochastic events (e.g., those involving major changes in cloud coverage). In the latter case, sensitivity tests suggested that the error could be as high as a factor of 2. With improvements in such areas as BL sampling time, direct observations of OH, improved DMS vertical profiling, direct assessment of vertical velocity in the field, and preflight (24 hours) detailed meteorological data, it appears that the uncertainty in this approach could be reduced to + 25%.
Introduction
Dimethyl sulfide (DMS) is known to be a by-product of biological processes involving marine phytoplankton [Barnard et al., 1982; Dacey and Wakeham, 1986; Keller et al., 1989] . Emissions of DMS have been estimated to be around 60% of the total natural sulfur gas released to the atmosphere [e.g., Andreae and Raemdonck, 1983; Bates et al., 1992; Berresheim et al., 1995] . In clean background marine boundary layer (BL) air, DMS is oxidized mainly by OH and, to a much lesser extent, NO 3. Chamber type studies have developed by Liss and Merlivat [1986] , Wanninkhof et al. [1985] , and $methie et al. [1985] . All are found to agree within a factor of 2 [Jodwalis and Benner, 1996] ; however, this still does not preclude the possibility of yet unidentified systematic errors. The air-sea exchange approach has been widely used in estimating DMS fluxes, reflecting in no small part its simplicity, the availability of a large sea-water DMS database (accumulated over more than a decade), the availability of the GCMs (general circulation model) and wind field data [e.g., Bates Their results were in reasonably good agreement with the NSS and NSS-MSA observations; however, they found that the resulting atmospheric levels of DMS were significantly higher than those reported from field studies. Thus these results could be interpreted to mean one of several things: that there is a missing atmospheric oxidizing source (e.g., higher levels of OH, NO 3, and/or halogen radicals), that nonbiogenic sources of sulfur are more effectively transported into the remote Pacific than currently thought, or that there is too high estimate of the DMS flux field in combination with a too low estimate for the DMS to SO 2 conversation.
We believe the mass-balance/photochemical-modeling approach has several important characteristics that make it worthwhile as an alternative way for evaluating global marine DMS fluxes. (1) It has the potential for looking at large geographical regions within a short time period when using an airborne sampling platforms; (2) it represents a totally independent method of assessing the DMS flux; and (3) with new airborne OH sensors now coming on-line, it offers the possibility in the near future of directly measuring nearly all critical parameters required to evaluate the DMS flux. Obviously, this approach might also provide further insight into the parameterization of the sea-water transfer-efficiency factor if common sampling sites were to be examined. [Stull, 1988] . Elevated values of"h" have primarily been used to deal with the problem of how to evaluate the flux associated with DMS that has mixed into the BuL or even the lower free troposphere [Yvon et al., 1996] . The BuL is a zone in the lower troposphere that Russell et al. [1998] have recently described as defining a region of intermittent turbulence. It is a region into which significant quantifies of DMS can frequently be mixed. This is particularly true when shallow convection is ongoing.
Approach and Model Description
The relative mass distribution of DMS between the BL and BuL depends upon both the intensity of BuL turbulence as well as the jump in stability in the transition from the BL to the BuL. If any degree of mixing does occur, the use of the more conventional marine BL height parameter "h" necessarily leads to an underestimate of the DMS flux. In fact, DMS levels in the BuL frequently do show significant vertical gradients, reflecting the intermittent nature of mixing in this region. This suggests that the most appropriate scale height to use should be lower than the top of the buffer layer but higher than the meteorological mixing depth (i.e., the BL height). Concerning the nighttime oxidant NO 3, both reactions with DMS as well as deposition to aerosol surfaces were included. Thermal decomposition of NO 3 was not used due to a lack of supporting evidence [Johnston et al., 1986 In the current study the value of the BL height, "h", as well as BuL height was derived from the high-resolution (10 s) vertical data recorded for several meteorological parameters.
Of particular value were the potential temperature, 0, and the specific humidity, "q" [Stull, 1988] . As illustrative of how these parameters were used, Figure 2 shows both quantities plotted as a function of altitude. In this case, the top of the BL is defined as that altitude at which 0 and "q" undergo a significant shift in value with increases in altitude, e.g., -• 0.7 km, as indicated by a vertical long thin dash line. Similarly, the BuL height was estimated at---1.8 km. Our"best estimate" of the BL height was typically defined from the average value calculated from four individual estimates involving 0 and "q" values involving both the descent and ascent to/from the BL. The uncertainty assigned to this average was estimated from the maximum difference between the four independent values and the mean. Also shown in Figure 2 were the observed CH3I vertical profile and estimated EMD. The latter quantity was values, problems resulting from BuL biomass pollution or the total absence of CH3I data led to our assigning the average EMD value to these runs. Based on the range of values estimated from those cases where upper limit EMD values could be more rigorously calculated, it appears that this assumption introduces no more than an additional 30% uncertainty in the DMS flux estimates for these runs.
Results and Discussion

DMS Fluxes
As discussed in section 3, the current analysis has been limited to evaluating only the upper and lower limits of the DMS flux. For all these cases the mid-value of the two limits defines our "best estimate" for the DMS flux for each sampling run. These mid-values for the 13 runs are given in Table  2 Wanninkhof [1992] is used, this difference increased to 1.4-4.5 with an average of 2.5, the mass-balance/photochemical-modeling approach again giving the smaller value. Although further analysis of this common geographical data set is still ongoing, it does suggest that the mismatch in spatial and temporal scales between the PEM observations and the database used in the GCM modeling studies could be responsible for some significant fraction of the difference cited above.
Sensitivity Analysis
Recall, •earlier we briefly addressed the issue of uncertainties associated with the basic input parameters to (4). These include EMD, [DMS]oBs, OH, and NO 3. To better quantify the impact from these uncertainties, we have here carried out several sensitivity runs in which the magnitudes of these critical variables were varied by factors of + 2. These tests were performed on all 13 runs included in the current analysis. The resulting average shift in the calculated DMS fluxes are summarized in Table 4 Although the above error assessment (based on known sources of error) suggest that for a given time and place the probable error would fall between a factor of 1.3 and 1.5, the latter analysis does not consider other biases that might lie hidden in the data and not be easily quantified. These include any bias introduced into the analysis from our having to use DMS data from single event sampling (e.g., 30-45 min) rather than having the more ideal 24-hour continuous DMS data (e.g., see section 4.2.1 for details). Even more serious could be the potential bias introduced by stochastic events. The most significant of these we now believe would involve major solar flux variations 24-48 hours prior to the time of sampling. This possibility is explored in greater detail in section 4.2.2. 100 ,,,I,,,.,I,,,,I,,,,I,,,,I,,,,I,,,,I, The above results suggest that the photochemical approach can be used to provide reasonable DMS sea-to-air flux estimates under tropical conditions, given that a complete diel DMS profile is available and that some reasonable information exists concerning the BL height and atmospheric mixing. As noted in section 3, during PEM-A and -B, only snapshot data segments were available. Thus, this aircraft snapshot data represents only one point in the profile shown in Figure 4 . The question may be asked, then, whether the more limited airborne sampling scenario can really be used to accurately evaluate DMS fluxes. To address this question, we carried out a new flux assessment of the Christmas Island data in which only a single data point from the 24-hour profile of Bandy et al. [1996] was used. This resulted in the generation of minimum and maximum DMS profiles from which a range of flux estimates could be derived as shown in Figure 4 . In this case, the results clearly indicate that the bias generated in these simulations is 11% of the "best estimate," the latter value being the product of the entire diel DMS profile.
Using the airborne DMS database generated during NASA's GTE CITE-3 (Chemical Instrumentation Test and Evaluation) [Gregory et al., 1993] , a second level of testing of the "continuous" versus "point" data sampling problem was also carried out. What makes the latter airborne data set unique is that it involved extensive BL sampling runs, typically 3-4 hours in duration. Like the Christmas Island data, these data were also generated in the tropics but with the geographical location being the tropical South Atlantic Ocean. The sampling strategy in CITE-3 also involved flights that covered both the early morning maximum and afternoon minimum in DMS levels. Thus the CITE-3 database bracketed the most critical times of the DMS diel cycle. Our test simulations involved comparing flux estimates based on a single hour of data with that calculated using the entire sampling period. These results were also quite encouraging. For example, the difference between the two simulations was less than 25%.
These results, as well as those discussed above using the Similar tests were also performed to examine the magnitude of error introduced from sudden changes in EMD and FDM S. In this case our simulations showed that a sudden change of factor of 1.5 (highly unlikely) in EMD (or FDMS) would cause a deviation in the flux estimate by nearly a factor of 1.5, if sampling were to occur during the time period of the perturbation. However, the magnitude of this bias decreases rapidly with elapsed time after the perturbation, like in the previous case. After one photochemical lifetime, the bias decreased to only about 15%. As stated before, the magnitude of this type of bias is strongly dependent on the magnitude of the pertur- In the evaluation of(6), it is recognized that the BL is typically well mixed. This means that the magnitude of the DMS vertical gradient for this regime is negligibly small, and therefore the influence of large-scale vertical motion tends to be confined to the BuL region. Equation ( Overall, we can conclude that the mass-balance/photochemical approach is a very promising one for evaluating seato-air DMS fluxes. It has the potential to greatly augment the existing DMS flux database and to also possibly provide important insights into the evaluation of the marine "piston velocity."
